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Abstract
The evaporation of a binary sessile ethanol-water droplet on an inclined sub-
strate is studied experimentally just below the critical sliding angles for differ-
ent substrate temperatures. A customized goniometer equipped with a CMOS
camera and an infrared (IR) camera is used. The droplet is observed to remain
pinned in the advancing side during the evaporation process, while the receding
side contracts. The asymmetry in the advancing and receding contact angles of
the droplet on inclined substrate results in complex thermo-solutal Marangoni
convection that is captured through IR images. The droplet exhibits two distinct
oscillatory water-rich cold regions around the advancing contact line during the
early stage of evaporation, while the more volatile and lighter ethanol creates
a hotter and rapidly evaporating cell near the receding side. As ethanol evap-
orates away, the ethanol rich cells collapse producing thermal pulsations along
the incline. Subsequently, the thermal patterns become similar to that of the
pure-water droplet. It is also observed that the thermo-solutal driven oscilla-
tory convection increases with increasing substrate temperature. Despite the
complexity in convection dynamics, the evaporation rate exhibits a universal
behavior in the normalized time at different substrate temperatures which can
be represented by piecewise linear fits at the early and late stages of evaporation.
Keywords: Wetting dynamics, evaporation, sessile droplet, ethanol-water
mixture
1. Introduction
The study of droplet evaporation has received considerable attention in the
research literature due to its importance in many industrial applications, such
as inkjet printing[1–7], hot spot cooling, droplet-based microfluidics[8], coating
technology[9], and even natural phenomena[10]. The wetting characteristics of
sessile and pendant drops have also attracted researchers due to their abun-
dant fundamental and industrial relevance (see e.g. Refs.[11, 12]). Several
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researchers have studied the evaporation of sessile droplets of pure liquids on
flat surfaces[13–15], which has recently been reviewed in Brutin and Starov[16].
In addition, few researchers have investigated the dynamics of sessile droplets
of pure fluids on inclined surfaces, as they exhibit unequal advancing and reced-
ing contact angles due to the effects of gravity[17–23]. Extrand and Kumagaya
[17] experimentally investigated droplet shapes at different tilt angles of the
substrate. For a stationary droplet (i.e., below the critical angle at which it
starts to migrate due to gravity), they investigated the dependence of the con-
tact angle hysteresis (i.e., the difference between the advancing and receding
contact angles) on droplet shape and found a linear relationship between them.
Chou et al. [19] conducted experiments and numerical simulations to study the
wetting behavior of a droplet on inclined surfaces. The pinning and de-pinning
behaviors of the advancing and receding contact angles were observed at various
inclination angles. It was found that increasing the tilt angle decreases the sur-
face free energy. Annapragada et al. [21], through experiments and numerical
simulations, investigated the shape of a sessile droplet on a hydrophobic surface
at various inclination angles. Few researchers [18, 22] have also studied droplet
migration on inclined substrates, but this is not the subject of the present study.
All of the above-mentioned studies involving sessile pure droplets on inclined
substrates have focused on shape and contact angle hysteresis of the droplets.
Kim et al. [20] investigated the evaporation of deionized water droplets on a
tilted glass surface for different tilt angles. They observed that droplet deforma-
tion due to gravity increased the difference between the advancing and receding
contact angles, which in turn increased the evaporation time.
Next, we discuss the evaporation dynamics of sessile droplets of binary mix-
tures on flat and inclined substrates. Sefiane et al. [24] experimentally inves-
tigated the evaporation dynamics of water-ethanol binary droplets of different
compositions on a flat surface at ambient temperature. The evaporation dy-
namics of binary droplets was compared with that of pure droplets of each
component. Unlike pure water or pure ethanol droplets, it is observed that in
the case of binary droplets, the evaporation occurs at three different stages. The
more volatile ethanol evaporates quickly in the first stage, but less volatile wa-
ter evaporates relatively slowly in the last stage. In the intermediate stage, the
droplet volume remains almost constant as the wetted radius and the contact an-
gle change simultaneously. Subsequently, these distinct evaporation steps were
explained in the literature[25, 26] by investigating the flow field using particle
image velocimetry (PIV). Some researchers have also investigated the effect of
surface properties on the evaporation of various binary mixtures [27–33]. The
influence of Marangoni flow on the wetting dynamics and the evaporation of
binary sessile droplets on flat surfaces have also been studied in the past[34–36].
Recently, Gurrala et al. [37] studied the effect of substrate temperature and
composition on the evaporation of ethanol-water binary sessile droplets on a
flat substrate. They observed an early spreading stage, an intermediate pinning
stage, and a late receding stage of evaporation at elevated substrate tempera-
tures, leading to non-monotonic evaporation trends at high ethanol concentra-
tions. They also performed theoretical modeling that accounts for diffusion, free
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convection, and passive transport due to free convection of air, that satisfac-
torily predicts the evaporation rates observed in their experiments. Yonemoto
et al [38] studied the sliding behavior of water-ethanol droplets on an inclined
surface with low surface energy. The critical angle of inclination (α) of the sub-
strate at which the droplet begins to slip is obtained as a function of the surface
energy density, and the adhesion that determines the onset of the advancing
and receding contact angles has been observed to exhibit a linear relationship
with the surface energy density of the liquid.
The evaporation of binary droplets is complex due to the differences in the
volatility of the components in the mixture, and the associated Marangoni con-
vection and hydrothermal waves. Thus, few researchers have used infrared (IR)
thermography to study the thermal pattern of water-ethanol sessile droplets at
room[39] and elevated substrate temperatures[40]. Sa´enz et al. [40] considered
the evaporation of non-spherical droplets on flat substrates. Using a similar
setup, Mamalis et al. [41] studied the temporal evolution of the thermal pat-
tern of the free surface of a sessile water + 1 - butanol (5% by volume) droplet
placed on a 5◦ inclined substrate maintained at 60◦C. The substrate is over-
laid on a silicone oil layer and the binary droplet is allowed to slide on the oil
layer. The binary mixture considered exhibits a non-monotonic surface tension
- temperature dependency. Therefore, in some cases, they observed an upward
movement of the droplet due to the thermocapillary forces acting against grav-
itational force. It was found that the interaction between thermocapillary and
body forces also increases the spreading rate of the binary droplet.
The above review indicates that while many researchers have studied the dy-
namics of evaporation of binary droplets at room temperature on flat substrates,
little attention has been paid to inclined substrates at elevated temperatures.
To the best of our knowledge, the research work of Mamalis et al. [41] was
the only study in this direction but was performed at a low angle of inclina-
tion (5◦). In contrast, the present work focuses on the evaporation dynamics
of a water/ethanol binary droplet on a substrate inclined just below the critical
sliding angle at different substrate temperatures using optical and IR imaging
techniques. The composition of water (W) - ethanol (E) binary mixture is fixed
at E 20% + W 80% and the initial volume of the droplet is 5 µl in all the
experiments performed in the present study. It is found that the critical an-
gle of the inclination (α) is a function of the substrate temperature (Ts). The
evaporation dynamics of the binary droplet and associated thermal patterns at
various elevated temperatures are analyzed. We have also developed a semi-
empirical correlation between the evaporation rate and the normalized lifetime
of the binary droplet at different substrate temperatures.
The rest of the paper is organized as follows. The experimental set-up and
procedure are discussed in Section 2. The results obtained from our experiments
are presented in Section 3, and concluding remarks are given in Section 4.
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2. Experimental set-up
The evaporation dynamics of an ethanol (E) -water (W) binary droplet of
composition (E 20% + W 80%) by volume is investigated using a customized
goniometer (Make: Holmarc Opto-Mechatronics Pvt. Ltd.). For each substrate
temperature, the inclination of the substrate (α) is kept just below the crit-
ical inclination angle at which the droplet begins to migrate downward due
to gravity. The goniometer setup consists of a multilayer metal block, a mo-
torized pump to generate the droplets, and a proportional-integral-derivative
(PID) controller that maintains the substrate temperature. It is also equipped
with a light source and a complementary metal-oxide-semiconductor (CMOS)
camera (Make: Do3Think, Model: DS-CBY501E-H) to record the side view of
the droplet, and an infrared (IR) camera (Make: FLIR, Model: X6540sc) that
captures the top view of the droplet in the direction perpendicular to the sub-
strate at each inclination angle. A schematic diagram of the experimental setup
is shown in Fig. 1(a). The entire setup is placed inside the goniometer box to
minimize external disturbances. The goniometer is also equipped with a rota-
tion mechanism to set the inclination angle of the substrate. The experiments
are performed at a constant ambient temperature of 21◦C in an air-conditioned
room. The relative humidity measured using the hygrometer (Make: HTC
Instruments, Model: 288-ATH) was found to be 70 ± 10 % throughout the ex-
periments.
(a) (b)
Ts (
◦C) α (degree)
40 37
50 40
60 43
70 45
Figure 1: (a) Schematic of the experimental set-up that consists of a heater, a Polytetrafluo-
roethylene (PTFE) substrate placed on a stainless steel plate, a light source, IR and CMOS
cameras. (b) The critical angle of inclination (α, in degree) of a 5 µl binary droplet at the
onset of sliding at different substrate temperatures, Ts.
The multilayer metal block consists of a base stainless steel metal block
embedded with two electric heaters controlled by a PID controller, and an alu-
minum plate coated with black paint of size 100mm × 80mm × 15 mm. Poly-
tetrafluoroethylene (PTFE) tape of thickness of 100 µm is used as a substrate
4
that is placed on an aluminum plate. We use black paint between the PTFE
substrate and aluminum plate to minimize the reflection in IR images. The
stability of the PTFE substrate at different temperatures is checked using an
optical microscope imaging system after heating the substrate for 10 minutes.
In Fig. 14 (supporting information), it can be seen that the highest roughness
value is less than 9 µm even at Ts = 70
◦C. This indicates that the PTFE sub-
strate is stable and exhibits uniform roughness at all temperatures considered in
this study. A ‘K- type’ thermocouple (Make: OMEGA Engineering Singapore)
is used to verify the temperature of the substrate. A heat-flux meter (Make:
Captec Entreprise, France) having a sensitivity of 1.17 µVm2/W and a diameter
of 10 mm is used to measure the heat-flux through the droplet.
In each experiment, the PTFE substrate is cleaned with isopropanol, blow-
dried using an air compressor, and then applied to the aluminum plate. The
experiment is then performed by placing a sessile binary droplet on the sub-
strate after it attains a steady-state at each high-temperature condition. The
homogeneous ethanol-water binary solution (E 20% + W 80%) is prepared on a
volume basis using absolute ethanol (99.9% purity) and deionized water (purity
8:2 MΩ) with the help of a stirrer. A binary droplet of the initial volume of 5 µl
is created using a 250 µl U-tek (Unitek Scientific Corporation) chromatography
syringe with a 2.47 mm diameter needle attached to a motorized pump that
controls the droplet flow rate and volume with a ±1% error. The experiments
are performed at four values of substrate temperature, Ts = 40
◦C, 50◦C, 60◦C
and 70◦C. The critical angle of the inclination is calculated for all the substrate
temperatures by conducting experiments starting with an inclination angle of
10◦ and incrementing it 5◦ until the droplet starts to slide down at a specific
angle. To get the exact critical inclination angle, an increment of 1◦ was used
near the critical angle. Fig. 1 (b) shows a list of substrate temperatures and the
corresponding critical angles at which the rest of the experiments are performed.
It can be seen that the critical angle of inclination increases with increasing the
substrate temperature.
The temporal evolution of the side view of droplet evaporation is acquired
using the CMOS camera with a spatial resolution of 1280 × 960 pixels at a
frame-rate of 10 frames/second (fps). The instant at which the droplet touches
the substrate is considered to be the start of the experiment (i.e., time, t = 0).
The droplet image sequence obtained from the CMOS camera is filtered to
remove the random noises, and the droplet outline is then traced using an in-
house Matlab code. The image post-processing procedure is the same as that
of Gurrala et al. [37].
An infrared camera captured the thermal patterns at the liquid-air interface
of the droplet as it evaporates. The IR camera acquired images in the spectral
range of 3 µm - 5 µm with a resolution of 640 × 512 pixels. The spatial res-
olution is 67.11 pixel/mm. The lens used is the macroscopic G1 WD30 with
F/3.0 aperture and 26 cm focal length. The recording of the thermal images is
performed at a frame rate of 50 Hz. A specialized software (FLIR ResearchIR
Max, Version 4.40.9.30) is used to convert the image to a temperature field
using the emissivity parameters embedded in the software. The emissivity of
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Figure 2: Demonstration of the circular nature of the top view of the binary (E 20% + W
80%) droplet (solid black line) at Ts = 50◦ at different values of the dimensionless time, t/te.
The fitted circle at each value of t/te is shown by red dotted line.
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Figure 3: Temporal variation of median value of the temperature of a 5µL binary (E 20% +
W 80%) droplet at Ts = 70◦C.
the ethanol-water binary mixture is close to the emissivity of pure water [41],
and thus an emissivity value of 0.94 is used in the present study. The droplet
temperature field obtained from the IR image is then post-processed using an
in-house Matlab code. Fig. 2 shows the wetted perimeter of the droplet at
different evaporation stages at Ts = 50
◦C and the corresponding fitted circles
that indicate the circularity of the perimeter even at 80% of the lifetime (te) of
the droplet. A similar trend is observed at all elevated substrate temperatures
considered in our study. The evolution of the median temperature of the binary
droplet at a substrate temperature of 70◦C is shown in Fig. 3. It can be seen
that following the rapid heating of the droplet, a slight decrease in temperature
is observed due to the thermo-solutal Marangoni convection, which brings the
cold water to the surface. At about 20% of the lifetime of the droplet, instabil-
ity in the thermal pattern is observed, which facilitates the rapid mixing of the
hot and cold regions, followed by a period of slow heating of the droplet as the
temperature gradient is reduced due to the evaporation.
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The experiments to measure the heat flux entering the droplet were per-
formed separately from the experiments used to calculate the droplet height, ra-
dius, and contact angles. A heat flux sensor (Make: Captec Entreprise, France)
with a diameter of 10 mm and a sensitivity of 1.17 µVm2/W is used. The sensor
is coated with a black paint to avoid the variation in the emissivity. The sensor is
connected to a data acquisition system (National Instruments cDAQ-9178 with
a NI 9213 input module) to record the measurements. A PTFE sheet is then
placed on the sensor and the experiments are carried out similarly like other
experiments as mentioned above. The convective heat flux data is measured for
all substrate temperatures, which are discussed later in the next section.
For each test condition, the temporal variations of the wetted diameter (D),
height (h), advancing contact angle (θa) and receding contact angle (θr) are
extracted from the side view of the droplet. At the beginning of each new
experiment, a new PTFE substrate is used and the syringe is cleaned with
acetone and then dried. Each experiment is repeated at least four times at all
substrate temperatures to ensure reproducibility.
3. Results and discussion
We begin by presenting the evaporation dynamics of a binary (E20 % +
W80 %) sessile droplet of initial volume 5µl placed on an inclined substrate
at the critical angles for different substrate temperatures (Ts). The lifetime of
the droplet (te), which is defined as the duration between the instants when
the droplet touches the substrate and when it evaporates completely from the
substrate, is measured. Fig. 4 shows the lifetime of the binary droplet at differ-
ent substrate temperatures. As expected, increasing the substrate temperature
accelerates the evaporation process, thereby shortening the lifetime of the bi-
nary droplet. It has been observed that the lifetime of a binary droplet on
an inclined surface is shorter than that observed on a flat substrate (α = 0),
where other conditions are almost identical. For example, at Ts = 50
◦C, in the
case of an inclined substrate (α = 40◦) the lifetime of a binary (E20 % + W80
%) sessile droplet, te = 348 ± 20.9 seconds, but on a flat substrate (α = 0◦)
te = 458.3± 15.9 seconds.
In order to contrast the evaporation dynamics of a droplet on a flat (α = 0)
and an inclined (α = 40◦) substrates, the profiles of the binary (E 20% + W
80%) droplet at different normalised times, t/te are shown in Figs. 5(a) and (b),
respectively. In both the cases, Ts = 50
◦C. In the case of a flat substrate (Fig.
5(a)), it can be seen that the droplet remains axisymmetric as it evaporates
indicating that evaporation near the contact line is uniform over the lifetime.
On the other hand, in the case of the inclined substrate (Fig. 5(b)), the droplet
exhibits contact angle hysteresis due to the effect of gravity. It can be seen
that at the early stage of evaporation, the advancing contact angle is greater
than the receding contact angle of the droplet, as shown in Fig. 6. As time
progresses, as the droplet size decreases, the receding side contact line moves
down the inclination slope, while the advancing contact angle remains pinned.
This indicates that the evaporation is more in this receding side as compared to
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Figure 4: Variation of the lifetime (te) of a binary (E 20% + W 80%) droplet with the substrate
temperature, Ts. The inclination of the substrate is varied with the substrate temperature,
Ts as given in Fig. 1(b).
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Figure 5: Evolution of binary (E 20% + W 80%) droplet profile on (a) flat and (b) inclined
substrates at Ts = 50◦C. The arrow line in panel (b) indicates the direction in which the
droplet moves, and the marked “A” denotes the advancing side of the droplet.
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Figure 6: Evolution of the advancing and receding contact angles of binary (E 20% + W 80%)
droplets on an inclined substrate at Ts = 50◦C. The continuous line represents the contact
angle of a droplet on a flat substrate under the same conditions.
the advancing side. At the later stage of evaporation (t/te > 0.6), the contact
angle hysteresis disappears (Fig. 6) and the droplet becomes axisymmetric (Fig.
5 (b)).
Next, we examine the evaporation dynamics of pure water and binary (E 20
% + W 80 %) droplets at Ts = 70
◦C with the corresponding critical angle of
inclination (α = 45◦; see Fig. 1b). Apart from the difference in composition, it
is to be noted that 45◦ is the critical angle only for the (E 20% + W 80%) droplet
and not for the pure water droplet, which does not slide even for α = 90◦. Figs.
7(a) and (b) show the temporal evolution of pure water and binary droplets at
an elevated substrate temperature (Ts = 70
◦C). In each panel of Fig. 7, the
top and bottom rows present the infrared images obtained using the IR camera
and the side views taken using the CMOS camera, respectively. Examination
of the infrared images at different values of t/te reveals the following: (i) The
receding contact line side of the droplet is hotter than the advancing contact
line side for both pure water and binary droplets. (ii) In the case of a pure water
droplet (Figs. 7(a)), the droplet undergoes thermocapillary-driven convection
and experiences a non-monotonic temperature gradient in the radial direction
during the early stage of evaporation (t/te < 0.2). The droplet then acquires a
steady temperature gradient along with the inclination of the substrate. (iii) In
contrast to the pure water droplet, the binary droplet shows two distinct cold
regions of different sizes during the early stage of evaporation (t/te < 0.3). These
regions oscillate around the advancing contact line area (see Fig. 15; supporting
information). This may be due to the competition between the evaporation rates
of the ethanol and water components of the binary mixture, along with the
thermo-solutal Marangoni convection currents, which create zones of ethanol-
and water-rich liquid within an initially homogeneous droplet.
As ethanol is more volatile than water, it evaporates faster as it migrates
toward the triple contact line, resulting in water-rich globules, which can be
seen as two different cold regions that oscillate about the advancing contact line
area. These oscillations occur three to four times, causing intense mixing and
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Figure 7: Temporal evolutions of the evaporation dynamics of (a) pure water (E 0% + W
100%), and (b) binary (E 20% + W 80%) droplets at Ts = 70◦C and α = 45◦. The top row in
each panel shows the temperature pattern at the liquid-air interface of the droplet captured
by the IR camera. The bottom row presents the side view of the droplet captured by the
CMOS camera.
merging into a single zone as the concentration of ethanol continues to decrease
within the binary droplet. At this stage, the remaining ethanol accumulates
in the receding contact line area as a hot and rapidly evaporating cell, which
eventually collapses due to the thermal pulsation observed around t/te = 0.3
(Fig. 16; supporting information). After this, the thermal pattern of the binary
droplet is similar to that of the pure water droplet, indicating that most of the
ethanol component has evaporated, leaving only the water component in the
binary droplet at a later stage. It is also evident that the surface temperature
of the binary droplet is always higher than the pure water droplet because of
the stronger convection flow generated during the initial evaporation stage of
the binary droplet due to the solutal Marangoni effect. We propose that the
asymmetric segregation of ethanol-rich zone in the receding side and the water-
rich zone in the advancing front, coupled with the complex convection dynamics
observed from thermal imaging, is responsible for the faster evaporation of the
binary droplet on an inclined plate as opposed to that of a flat plate.
Then, we study the effect of the substrate temperature, Ts on the evapora-
tion dynamics of a binary (E 20% + W 80%) droplet. Fig. 8 shows the temporal
evolutions of the temperature contour of the binary (E 20% + W 80%) droplet at
the critical inclination angles of the substrate at various substrate temperatures
(Ts). In all the cases, at t/te = 0, the temperature at the center of the droplet is
lower than that of the triple contact line. As time progresses, the temperature
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Figure 8: Temporal evolutions of temperature contours of the binary (E 20% + W 80%)
droplet at the critical angles at different substrate temperatures. The color-bars indicate the
variations in the temperature field (in ◦C).
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Figure 9: Temporal evolutions of the side-view of the (E 20% + W 80%) droplet at different
substrate temperatures, Ts and at the corresponding values of the critical inclination angle
(α).
at the center of the droplet increases, but is subjected to convective fluctuations.
We observe that the thermo-solutal driven convection intensity increases with
the increase in the substrate temperature. For all values of Ts, the evaporation is
more on the receding side of the droplet. This is because water, which is heavier
and less volatile than ethanol, moves to the advancing side due to gravity and
the thermo-solutal Marangoni force, causing the ethanol component to move to
the receding side of the droplet. Therefore, the ethanol concentration increases
on the receding side and evaporates faster due to its higher volatility as com-
pared to water. At Ts = 40
◦C, the colder region, that covers the advancing side
of the droplet at t/te = 0.1, quickly spreads over the entire top surface of the
droplet. For Ts ≥ 50◦C, two distinct oscillating cold regions are evident, and
the duration of the oscillatory motion of these regions increases with increasing
the value of Ts. At Ts = 70
◦C, the droplet undergoes extensive thermocapillary
convection and exhibits a pulsation phenomenon at t/te ≈ 0.3 (as also discussed
above). The temperature gradient across the droplet surface can be as high as
10◦C during the early evaporation stage. After the ethanol component in the
binary droplet evaporates, the oscillations stop and the droplet surface temper-
ature slowly rises due to the temperature gradient (the difference between the
substrate and ambient temperatures).
The temporal evolutions of the side-views of the binary (E 20% + W 80%)
droplet at different substrate temperatures are presented in Fig. 9. It can be
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Figure 10: Temporal evolutions of the droplet contours at different substrate temperatures at
critical angle of inclination. (a) Ts = 40◦C, (b) Ts = 50◦C, (c) Ts = 60◦C and (d) Ts = 70◦C.
The arrow in panel (b) indicates the direction in which the droplet moves, and “A” means
the advancing side of the droplet.
seen that the droplet spreading (wetted radius of the droplet) decreases with the
increase in the value of Ts, which can be attributed to the increase in the value
of the critical angle of inclination with the increase in Ts. A close inspection of
Fig. 9 also reveals that at all values of Ts considered, the binary droplet remains
pinned on the advancing side. The temporal evolutions of the contour profile
of the droplet at various substrate temperatures reveal the same as shown in
Figs. 10(a)-(d). It can be seen that the droplet indeed remains pinned at the
advancing side at low substrate temperatures (see Fig. 10 (a) and (b)), but
the advancing contact line of the droplet tends to migrate at high substrate
temperatures (see Fig. 10 (c) and (d)) as the droplet evaporates, albeit very
slowly.
Figs. 11(a)-(f) show the variations of the maximum droplet height (hmax in
mm), the droplet wetted diameter (D in mm), the advancing contact angle (θa),
the receding contact angle (θr), the calculated droplet surface area (As in mm
2)
and the calculated droplet volume normalized with the initial volume (V/V0)
plotted against the normalized evaporation time (t/te) at different values of the
substrate temperature (Ts) and at the corresponding critical inclination angles.
The wetted area and the volume of a typical non-symmetric shaped droplet are
calculated in the supporting information using the droplet profiles at different
instants during the evaporation. It can be seen in Fig. 11(a) that the variations
of the droplet height are nearly coincident for all values of Ts. The trends in
the temporal variation of the droplet wetted diameter for all the cases are also
similar to one another, with an initially steeper decrease as compared to the later
stage for t/te > 0.2 (approximately), as can be seen in Fig. 11(b). However,
for the entire duration of the evaporation, the wetted diameter is higher for
Ts = 40
◦C and Ts = 50◦C as compared to the other two values of Ts. This is
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Figure 11: Variations of the (a) height (h in mm), (b) wetted diameter of the droplet (D in
mm), (c) advancing contact angle (θa), (d) receding contact angle (θr), (e) surface area (As
in mm2) with normalised time (t/te) and (f) normalised volume (V/V0) at different substrate
temperatures and the corresponding critical angles as shown in Fig. 1(b).
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probably due to the fact that the critical inclination angle is less at the lower
temperatures than that at the higher substrate temperatures. The change in
the slope in the temporal variation of the wetted diameter of the droplet can
be attributed to the loss of ethanol component from the binary mixture at
t/te ≈ 0.2. It is to be noted that the observed decrease in the wetted diameter
primarily happens from the receding contact line end, as the advancing end is
pinned and does not move.
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Figure 12: Temporal variations of the advancing contact angle (θa), receding contact angle
(θr) and contact angle hysteresis (∆θa) at (a) Ts = 40◦C, (b) Ts = 50◦C, (c) Ts = 60◦C, (d)
Ts = 70◦C at their corresponding critical angles as shown in Fig. 1(b).
It can be seen in Figs. 11(c)-(d) that in consistent with the larger wetted
diameter for 40◦C and 50◦C cases, the advancing and the receding contact angles
are also lesser than the corresponding values for the 60◦C and the 70◦C cases.
Three distinct stages in the contact line dynamics can be clearly visible in Figs.
11(c)-(d). It can be observed that in 0 < t/te < 0.2 (early stage), the advancing
and the receding contact angles show a slow increase in their absolute values
as the percentage of ethanol decreases and the droplet tries to equilibrate to
the contact angle values of the pure water droplet. Between 0.2 < t/te < 0.8
(intermediate stage), the droplet contact angles exhibit a slow decrease (due to
the pure water component) as the droplet evaporates steadily. At the last stage
of the evaporation, the contact angle value drops off rapidly as the small residual
droplet undergoes a rapid unsteady contraction. The three distinct stages of the
dynamics of the contact angles may be modeled with individual linear fits, even
though the fitting parameters differ for different substrate temperatures (Fig.
17 and Table 1 in supporting information).
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For all values of Ts, it can also be seen that the advancing contact angle is
higher than the receding contact angle during 0 < t/te < 0.7. This behavior
is clearly demonstrated in Fig. 12 which presents the advancing and receding
contact angle profiles of each case in one figure, as well as the difference between
the two angles with the normalized time. At the late stage of evaporation, the
droplet is too small for gravity-induced asymmetry to be substantial, and thus
the difference between the advancing and the receding contact angles (contact
angle hysteresis) decreases to zero. Figs. 11(e) and (f) show the variations of the
droplet surface area (As) and normalised droplet volume (V/V0) with normalized
time (t/te) for different substrate temperature, Ts. It can be seen that the vari-
ations collapse to a single curve at all values of Ts. Furthermore, the variations
of As and V/V0 exhibit two distinct nearly linear regions, namely early ethanol
evaporation dominated region (0 < t/te < 0.2) and late water dominated evap-
oration region (0.2 < t/te < 0.8). Thus the profile can be modeled using two
linear fits for these two evaporation regions with an inflection point in between.
For the configuration considered in the present study, the linear fits in As are
given by As = 6.54−8.61(t/te) and As = 5.97−6.06(t/te). Similarly, the linear
fits in V/V0 are given by V/V0 = 0.96−2.01(t/te) and V/V0 = 0.69−0.79(t/te),
respectively. These linear fits are also shown in Figs. 11(e) and (f). In panel (f),
the result for a pure water droplet has also been added to compare with that
of the binary mixture. Fig. 19 (supporting information) shows that the linear
fits match with the experiment based volume data very well. Thus, despite the
complex thermo-solutal Marangoni-force driven convection observed for the bi-
nary droplet using the thermal camera, the suitably normalized volume against
evaporation time profiles show very simple universal behavior at all substrate
temperatures at their corresponding critical angles.
Fig. 13 shows the variations of the total heat transfer rate (P in Watts)
and the heat flux (Q in W/m2) absorbed from the substrate area wetted by
the droplet as a function of the normalized time, t/te at different values of
the substrate temperature, Ts. The heat flow absorbed by the drop is calcu-
lated similarly as presented by Sobac et al [15]. As expected, the heat transfer
rate as well as the heat flux into the droplet increase with an increase in the
substrate temperature as the temperature difference between the initially de-
posited droplet and the substrate temperature increases. The absolute value
of the Wattage decreases with time at each value of Ts since the wetted area
shrinks (11b) as the droplet evaporates. However, the heat flux value (i.e. the
heat absorbed per unit wetted surface area per unit normalized time) remains
relatively constant at the early times and increases slightly near the end stage
of evaporation. This may be attributed to the decrease in the droplet contact
angles over time as shown in 12 which in turn leads to an increase in the droplet
surface area to volume ratio (As/V ), thereby enhancing the evaporation rate. It
must be noted, however, that the error bars associated with the heat flux values
increase at the late stage, as the smaller wetted area creates larger uncertainty
in the flux calculation.
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Figure 13: Variations of the (a) amount of heat supplied to the drop and (b) the corresponding
heat flux with normalised time (t/te) at different substrate temperatures.
4. Conclusions
The evaporation dynamics of a binary (E 20% + W 80%) sessile droplet
of 5 µl placed on an inclined substrate at just below the critical angles for
different substrate temperatures is investigated experimentally. A customized
goniometer equipped with a CMOS camera and an infrared camera is used to
study the evaporation dynamics and the associated thermo-solutal Marangoni
convection at the liquid-air interface. The inclined substrate consists of poly-
tetrafluoroethylene (PTFE) tape of thickness 100 µm pasted on an aluminum
plate coated with black paint to minimize the reflection from the IR camera.
A PID controller is used to maintain the substrate at different temperatures,
namely, 40◦C, 50◦C, 60◦C and 70◦C. The experiments are performed at a con-
stant ambient temperature of 21◦C and relative humidity of 70 ± 10 % in an
air-conditioned room. We found that the critical angle of inclination at which
the binary droplet starts to migrate under the action of gravity increases with
increasing the substrate temperature; however, a pure-water droplet remains
stationary at all inclinations . Thus, all the experiments are performed just be-
low the critical angle of inclination for the binary droplet at the corresponding
substrate temperature. Due to the asymmetry in the advancing and receding
contact angles, the evaporation dynamics is found to be different from that ob-
served in the case of a flat horizontal substrate. To the best of our knowledge,
the evaporation dynamics of a binary droplet at the critical angles for different
substrate temperatures has been investigated for the first time in the present
study.
Comparison of the evaporation dynamics of pure-water and binary (E 20%
+ W 80%) sessile droplets at an elevated substrate temperature (Ts = 70
◦C)
and α = 45◦ reveals that most of the early evaporation occurs at the reced-
ing contact angle side for both the liquids. The droplet is observed to remain
pinned in the advancing side during the evaporation process, while the reced-
ing side contracts. In the case of binary droplet, as water is heavier and less
volatile than ethanol, it moves to the advancing side due to gravity and the
thermo-solutal Marangoni force causing the ethanol component to accumulate
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and evaporate faster at the receding side of the droplet. In contrast to the pure-
water droplet, the binary droplet exhibits two distinct oscillatory water-rich
cold regions of different sizes around the advancing contact line during the early
stage of evaporation. The residual ethanol, accumulated as a hot and rapidly
evaporating cell in the receding contact line region, collapses at the end of the
early stage to produce thermal pulsations that promotes mixing between the
cold and hot regions. It is observed that the oscillatory thermo-solutal convec-
tion cells and thermal pulsation phenomenon are more intense and long lasting
(with respect to the total evaporation time) at higher substrate temperatures.
At the later stage, the cold regions combine after the evaporation of the more
volatile ethanol component, and the thermal patterns become similar to the
pure-water droplet. It is also found that the spreading of the droplet decreases
with increasing substrate temperature.
Three distinct stages in the contact line dynamics are observed at all the
values of the substrate temperature considered in the present study. They are,
namely, an early stage when the advancing and the receding contact angles
increase, an intermediate stage when the droplet contact angles exhibit a slow
decrease and a late stage when both contact angles decrease rapidly as the small
residual droplet undergoes a rapid unsteady contraction. Despite the complexity
in convection dynamics, the evaporation rate exhibits a universal linear behav-
ior in the normalized time at different substrate temperatures which can be
represented by piecewise linear fits at the early (ethanol dominated) and late
(water dominated) stages of evaporation. The total heat transfer rate and the
heat flux absorbed from the wetted area have also been calculated at different
substrate temperatures and it is found that increasing the substrate tempera-
ture increases the heat transfer rate as well as the heat flux to the droplet.
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Figure 14: Optical microscopy images of the PTFE substrate at (a) Ts = 40◦C, (b) Ts = 50◦C,
(c) Ts = 60◦C, and (d) Ts = 70◦C. The images are taken at different locations on the tape
and it can be observed that the tape is thermally stable at different temperatures considered.
The minimum and maximum values of the roughness (presented in between two white lines)
are written at two locations.
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Figure 15: Magnified views of the temperature contours at the early stage showing the oscil-
latory movement of the cold regions at Ts = 70◦C.
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Figure 16: A binary (E 20% + W 80%) droplet exhibiting pulse generation near the receding
contact angle of the droplet at Ts = 70◦C and α = 45◦.
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Figure 17: Demonstration of three different regions of the (a) normalized advancing (θa/θa0)
and (b) normalized receding (θr/θr0) contact angles of a (E 20% + W 80%) droplet with the
corresponding initial angles at Ts = 50◦C and α = 40◦. Here, θa0 and θr0 are the advancing
and receding contact angles at t = 0.
Table 1: The values of the slope and intercept in different regimes associated with the (a)
advancing and (b) receding contact angles at different substrate temperatures, as shown in
Figs. 11(c) and (d), respectively.
(a) (b)
Ts (
◦C) Slope Intercept Region
40
0.88 0.95 R1
-0.8 1.34 R2
-2.92 3.03 R3
50
0.35 1 R1
-0.55 1.14 R2
-2.35 2.55 R3
60
0.45 1 R1
-0.5 1.2 R2
-3 3.25 R3
70
0.5 1 R1
-0.63 1.21 R2
-2.5 2.7 R3
Ts (
◦C) Slope Intercept Region
40
0.93 0.98 R1
-0.59 1.31 R2
-3.56 3.72 R3
50
0.28 1 R1
-0.45 1.17 R2
-3.5 3.7 R3
60
0.8 1 R1
-0.5 1.18 R2
-4.5 4.7 R3
70
0.5 1 R1
-0.5 1.28 R2
-2.5 2.82 R3
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Figure 18: Schematic representation of the volume and surface area calculations of a droplet
on an inclined substrate.
4.1. Evaluation of droplet volume and free surface area
The volume and the free-surface area calculations are different from that
used in case of a flat plate. The contour of droplet is asymmetric in case of
an inclined plate. The droplet side contours at different times are obtained
during drop evaporation as shown in Fig. 11. A MATLAB code is developed to
calculate the droplet volume and the surface area with time from these contours.
Fig. S5 shows a schematic of the droplet contour at a particular instant. The
apex of the drop, point A, is identified where the droplet height attains the
maxima. The mid-point of the wetted base, point O, is also obtained. The line
joining point O with point A is along the drop axis OO′. The entire drop is
divided into elements of differential thickness dx along the length OA.
The value of dx is very small and it is a fair assumption to consider this
small element dx to be straight vertically such that we can use the volume and
surface area expressions of a cylinder of radius ’r’ and thickness ’dx’.
dx =
OA
n
(1)
where n = number of divisions. The volume of this small element is calculated
as
dV = pir2dx (2)
The surface area of the small element is calculated as
dAs = 2pirdx (3)
Starting from the base of the drop the volume of each element is calculated and
is summed up to obtain the total volume of the drop V and the total surface
area As.
V =
∞∑
i=1
dVi (4)
As =
∞∑
i=1
dAsi (5)
For each successive iteration, the value dx is added along the axis OO′ and
the calculation is repeated. The number of divisions n is chosen based on a
convergence study to make the calculation more robust.
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Figure 19: Scatter plot of the fitted and experimentally calculated binary droplet volumes at
different substrate temperatures.
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